The ability of endogenous substrates in brain to substitute for glucose as sources for energy metabo lism during insulin-induced hypoglycemia was studied. The ratio of the arteriovenous difference of glucose to the arteriovenous difference of oxygen in the cerebral cortex was measured during progressive hypoglycemia in para lyzed, artificially ventilated cats that were anesthetized with pentobarbital sodium and nitrous oxide. The ratio did not change when blood glucose fell from a mean of 7.68 to �2 J.Lmollml. Below 2 J.Lmollml the ratio de creased, indicating that substrates other than the glucose supplied by the blood were being utilized. In another series of experiments, changes in the redox state of respi ratory chain NAD were monitored from the cerebral cortex using microfluorometry during the onset of hypo glycemia and the recovery. Hypoglycemia severe enough Abbreviation used: G01, glucose-oxygen index.
With the exception of a few brain regions that do not lie behind the blood-brain barrier (Vannucci and Hawkins, 1983) , glucose is the sole substrate for energy metabolism in brain under normal condi tions (Siesjo, 1978) . Since endogenous levels of glu cose and glycogen in brain can support energy me tabolism for only brief periods (Siesjo, 1978) , glu cose must be continually supplied by the blood. A fall in blood glucose from normal concentrations (5-8 J.Lmol/ml) to 1-2 /-lmol/ml results in a decrease in the CMRglu (Ket y et aI., 1948; Norberg and Siesjo, 1976; Abdul-Rahman and Siesjo, 1980; Bryan et aI., 1986) without an equivalent decrease to produce isoelectric EEG was accompanied by an oxi dation of NADH, demonstrating that the supply of re ducing equivalents to the respiratory chain was de creased. Recovery from hypoglycemia, produced by in travenous glucose injections, was accompanied by an increase in blood glucose concentrations, the return of EEG activity, and a decrease in the NAD/NADH ratio. When blood glucose concentration reached 2.23 during the recovery, further increases in blood glucose had no effect on the redox state of NAD. Although alternative substrates appear to be utilized for energy metabolism during severe hypoglycemia, they cannot fully replace glucose as the source of reducing equivalent to the respi ratory chain. Key Words: Cerebral energy metabolism Cerebral redox state-Glucose-Hypoglycemia-Nico tinamide adenine dinucleotide-Pyridine nucleotide.
in the CMR02 (Pappenheimer and Setchell, 1973; Norberg and Siesjo, 1976; Gardiner, 1980; Ghajar et aI., 1982) , indicating that substrates other than glu cose supplied by the blood are used for energy me tabolism during this period of hypoglycemia.
In the early stages of hypoglycemia, metabolic intermediates are apparently utilized since they are decreased in brain. Endogenous glucose and gly cogen (Ferrendelli and Chang, 1973; Lewis et aI., 1974; Gorell et aI., 1977; Ratcheson et aI., 1981; Ghajar et aI., 1982) , citric acid cycle intermediates except oxaloacetate and succinate (Goldberg et aI., 1965; Norberg and Siesjo, 1976; Feise et aI., 1976) , and amino acids except aspartate (Goldberg et aI., 1965; Feise et aI., 1976; Norberg and Siesjo, 1976) decrease in brain by the time blood glucose has de creased to 2 /-lmollml and continue to decrease through the first 5 min of coma (Norberg and Siesjo, 1976; Agardh et aI., 1981) . However, avail able endogenous carbohydrate and amino acid sub-strates are essentially consumed after 5 min of coma and other nonglucose substrates have to ac count for the oxygen consumed by brain (Agardh et al., 1981) .
Ketone bodies do not appear to be a major sub strate for energy metabolism during hypoglycemia since cerebral uptake does not increase during hy poglycemia in the newborn (Gardiner, 1980; Her nandez et al., 1980) and only transiently increases in the adult during stupor (defined as high-ampli tude, slow-wave EEG) , only to fall to control values during coma (Ghajar et al., 1982) .
Circumstantial evidence indicates that endoge nous noncarbohydrate substrates may be a source of energy during severe hypoglycemia. Phospho lipids are reduced after 5 min of coma and are thought to be a substrate for energy metabolism during the first part of coma and possibly during later stages as well (Abood and Geiger, 1955; Agardh et al., 1981) . Protein and nucleic acids have been reported to fall during severe hypoglycemia (Abood and Geiger, 1955) ; however, these findings have not been confirmed by other investigators (Samson et al., 1959; Davis et al., 1970) .
Although alternative substrates appear to be uti lized for energy metabolism during hypoglycemia, they are not effective during hypoglycemic coma since energy failure does occur (Siesjo, 1978) . For example, the in vivo redox state of the first component of the respiratory chain, NAD, is sensi tive to changes in oxygen availability (Chance et al., 1962; Bryan and Jones, 1980a,b) , ATP produc tion (Rosenthal and Jobsis, 1971; Sylvia and Ro senthal, 1979; LaManna et al., 1981) , and substrate availability (Bryan and Jobsis, 1983) .
We have measured changes in the redox state of respiratory chain NADH during hypoglycemia to determine the ability of alternative substrates in supplying reducing equivalents to the respiratory chain. During hypoglycemic coma, reducing equiv alents from alternative substrates were limited to the point that respiratory chain NADH became oxi dized. During recovery from hypoglycemia pro duced by infusing glucose, limitation of reducing equivalents prevailed until blood glucose reached 2.23 J.Lmol/ml. Our results indicate that although al ternative substrates may be used during hypogly cemia, they are not effective in replacing glucose as the source of reducing equivalents to the respira tory chain during severe hypoglycemia.
METHODS

Animal preparation and surgery
Experiments were performed on male and female cats weighing between 2.5 and 3.0 kg. Each cat was fasted 18-24 h before surgery and the experiment. Surgery was performed after an anesthetic dose of pentobarbital so dium (50 mg/kg i.p.). Catheters inserted into one or both of the femoral arteries were used to monitor blood pres sure and to withdraw arterial blood for analysis. Another catheter inserted into the femoral vein was used to infuse the anesthetic and insulin. Following a tracheotomy and intubation of the trachea with a Y-shaped tube, each cat was paralyzed with gallamine triethiodide and artificially ventilated with 30% oxygen and 70% nitrous oxide. Blood gases and pH were measured from 0.2 ml arterial blood using a Radiometer BMS 3 blood gas analyzer. The ventilatory rate and volume were adjusted throughout the experiment to maintain Pa02 about 100 mm Hg, PaC02 be tween 28 and 32 mm Hg, and pHa between 7.30 and 7.40. EEG was monitored using two stainless-steel screws in the skull over the right hemisphere. Body temperature was monitored using a thermistor probe, which was in serted into the rectum, and maintained at � 38°C by a heating pad placed over the cat. Hypoglycemia was pro duced by an intravenous injection of regular insulin (50-150 lU/kg) and supplemented every hour with 5-15 IU. Arterial and venous glucose concentrations were de termined from 0.5 ml of blood using hexokinase and glu cose-6-phosphate dehydrogenase (Bergmeyer, 1974) .
Glucose-oxygen index during hypoglycemia
In 13 cats a trephine hole was drilled over the superior sagittal sinus. Polyethylene tubing (3-5 cm PE-IO) was inserted into the superior sagittal sinus in a direction ret rograde to the flow of blood. The sinus was not occluded by this procedure. Before and up to 3 h after an intrave nous injection of insulin, arterial and venous blood samples were removed from the femoral artery and the superior sagittal sinus, respectively. Oxygen content of the blood samples was determined polarographically (Borgstrom et al., 1974) , and glucose was measured en zymatically as described above. The arteriovenous dif ferences of oxygen and glucose were used to calculate the glucose-oxygen index (GOI), which was defined as
where A-V(glu) is the arteriovenous difference of glu cose (f.Lmoliml) and A-V(T02) is the arteriovenous differ ence in oxygen content (f.Lmoliml). Since 6 mol of oxygen is needed to completely oxidize 1 mol of glucose, a GOI of 1 indicates that all glucose that is taken up by the brain can be accounted for by the complete oxidation to CO2 and H20.
Intracellular redox state during hypoglycemia
In seven cats a craniectomy was performed over the parietal region and the dura was retracted. Changes in the redox state of NAD were monitored from the surface of the exposed cortex using a compensated differential fluorometer (Chance et a!., 1962; Jobsis et a!., 1971) . The reduced form of the coenzyme (NADH) fluoresces in the blue region of the spectrum when excited with ultraviolet light, whereas the oxidized form does not (Chance et aI., 1962) . Two wavelengths were monitored to compensate for interference caused by changing concentrations of he moglobin in the recording field; light at 450 nm was the fluorescence (F) from NADH plus the hemoglobin inter ference and 366-nm reflected light (R) was a measure of the hemoglobin interference. The corrected fluorescence (F -R), which was the difference between the reflected light intensity and the fluorescence light intensity, repre sented the true change in NADH. The portion of the re flected signal to be subtracted from the fluorescence signal was determined by diluting the hemoglobin in the recording field with a bolus injection of oxygenated saline (Jobsis et aI., 1971; Harbig et a!., 1976) . The fluorescence signal is believed to originate almost exclusively from mi tochondrial NADH and therefore is representative of re spiratory chain NADH (O 'Connor, 1977) . Changes in the raw signal (Fig. 3 ) are expressed as a percentage of full scale where 100% full scale is defined as the initial fluo rescence intensity from the cortical suriace before any experimental manipulation and 0% is defined as no light present.
Changes in the cerebral redox state of NAD were mon itored during the onset of hypoglycemia after insulin in jection and during the recovery produced by an intrave nous infusion of glucose.
RESULTS
GOI during hypoglycemia
Mean blood glucose in the normoglycemic cats was 7.68 ± 0.64 f.Lm01lml (n = 13) and fell sharply over the first 90 min after insulin was administered to 1.95 ± 0.27 f.Lm01lml. Between 90 and 300 min after insulin administration, blood glucose further decreased to 1.47 ± 0.46 f.Lmollml (Fig. I) . The GOI in normoglycemic cats was 1.24, indicating that 81% (0.81 is the reciprocal of 1.24) of the glu cose taken up by the brain was oxidized to CO2 and H20. The initial fall in blood glucose after insulin was administered was not accompanied by a change in the GOL The GOI was independent of blood glucose concentrations between 10 and -2 BLOOD GLUCOSE f.Lmollml (Fig. 2) . Below a blood glucose concentra tion of -2 f.Lmollml, GOI began to fall and below -1.5 f.Lm01lml it fell sharply (Fig. 2) . The lowest blood glucose in this series of experiments (0.43 f.Lm01lmi) was accompanied by a GOI of 0.71, indi cating that 71 % of the oxygen consumed by the brain can be accounted for by the complete oxida tion of glucose and 29% of the oxygen consumed must involve some alternative substrate. The rela tionship between the GOI and blood glucose can be described by the function
The points were fit to the function by an iterative curve-fitting method using the Marquardt-Leven berg algorithm (McIntosh and McIntosh, 1980) .
Redox state of NAD during hypoglycemia and recovery
After the administration of insulin, blood glucose fell to 0.45 ± 0.06 f.Lm01lml (n = 6) over 3.5-7 h at which time the EEG became isoelectric. Blood (Fig. 3) . When EEG be came isoelectric, 75-100 mg/kg i.v. of glucose (in 0.5 ml physiological saline) was infused at several intervals (arrows in Fig. 3) . cose had no effect on the redox state of NAD. Infu sion of saline alone when EEG was isoelectric had no effect on EEG or the redox state of N ADH (Bryan and Jobsis, 1983) . Furthermore, the redox state of N AD was not altered in cats with blood glucose levels above 2 j-lmollml and high levels of plasma insulin when glucose was infused.
For the purpose of determining the blood glucose at the point of maximum reduction due to glucose infusion, the reduction of NAD after glucose infu sion was plotted as a function of blood glucose con centration (Fig. 4) . The intensity of the corrected fluorescence when the EEG was isoelectric was de fined as 0% reduction and the point of maximum reduction after glucose infusion was defined as 100% reduction (not to be confused with per centage full scale as used in Fig. 1 and described in Methods). Points in Fig. 4 where the reduction was < 100% were fit to a straight line to extrapolate the lowest blood glucose concentration when 100% re-
Changes in NADH fluorescence recorded from the surface of the cerebral cortex during severe insulin-induced hypoglycemia and the recovery following intravenous glu cose infusions (arrows). Numbers in the parentheses are blood glucose concentrations (ILmol/ml). Changes in fluores cence are expressed as a percentage full scale where 100% full scale is defined as the initial fluorescence intensity re corded from the cortical surface before the injection of in sulin and 0% is defined as no light present BP, arterial blood pressure; F, fluorescence light intensity (450 nm); R, reflec tance light intensity (366 nm); F -R, corrected NADH fluo rescence (450 nm -366 nm). . .
FIG. 4.
Changes in corrected NADH fluorescence as a func tion of blood glucose concentration during the recovery from hypoglycemic coma. The recovery was produced by in travenous glucose infusions, Intensity of the corrected fluo rescence when the EEG was isoelectric was defined as 0% reduced and the point of maximum reduction after glucose infusion was defined as 100% reduced.
duct ion was achieved. Each graph represents points from a single cat and each set of data was well represented by a straight line as indicated by r values that were all >0.9 except one that was 0.84. By extrapolation, the mean blood glucose at 100% reduction was determined to be 2.23 ± 0.32 j-lmoll ml (n = 7).
DISCUSSION
The GOI for normoglycemic cats in this study was 1.24, indicating that 8 I % of the glucose used could account for all the oxygen consumed by the brain. Presumably most of the remainder of the glu cose (19%) not oxidized to CO2 and H20 was oxi dized to lactate. When blood glucose concentrations in the cat were above 2 j-lmol/ml, the GOI was inde pendent of the blood glucose concentration (Fig. 2) ,
indicating that the utilization of glucose as a sub strate was not affected by its concentration in the blood. However, when the blood glucose fell below -2 j-lmollml, the GO! began to fall, indicating that glucose was becoming limited as a substrate. When the GO! fell below I, which occurred at a blood glucose concentration of -I j-lmoliml, glucose could no longer account for the O2 consumed by the brain even if no lactate was produced. At this point, other substrates must have supplemented glucose as a source for reducing equivalents to the respiratory chain to account for the oxygen con sumed.
Our results in cats are in general agreement with those from studies in other species. Pappenheimer and Setchell (1973) reported that the GOI began to decrease when blood glucose fell to 0.7-1.4 j-lmol/ ml (1-2 j-lmol/ml plasma) in sheep. I In rabbits the I When other authors have reported glucose values in plasma. we have converted to blood glucose for purposes of comparison using plasma glucose as equivalent to 1.4 times blood glucose, decrease in GOl was not as well defined as in other species, showing a fall when blood glucose fell below 1.4-2.9 fLmollml (2-4 fLmollml plasma) (Pappenheimer and Setchell, 1973) . Using data pre sented by Ghajar et al. (1982) in the rat, we calcu lated that the GOl began to decrease at blood glu cose concentrations below 1.8 fLmollml. The results of these studies and our study clearly demonstrate that substrates other than glucose must be utilized during hypoglycemia when blood glucose falls below 1-2 fLmollml.
The oxidation of NADH that occurred during hy poglycemia (Fig. 3) reducing equivalents from substrate were limiting.
Only when the blood glucose was increased by an intravenous infusion to �2 f-Lmollml did the redox state of NADH return to the normoglycemic level.
